This PDF file includes:
Supplementary Materials and Methods Fig. S1 . Characterization of the Au seed and Au@Ag NPs. Fig. S2 . Formation of silica shell on Au@Ag amplifiers and the thickness effect on the Raman enhancement. Fig. S3 . Ultraviolet-visible spectral monitoring of the metal complex accumulation process. References (36, 37) Supplementary Materials and Methods All reagents and dehydrated solvents were used as received without further purification. Dehydrated chloroform was purchased from Wako Pure Chemical Industries, Ltd. Tin(II) chloride anhydrate, sodium borohydride, dehydrated organic solvents except chloroform were purchased from Kanto Chemical Co., Inc. Gold (III) chloride trihydrate, sodium citrate tribasic dihydrate, ascorbic acid, silver nitrate, (3-aminopropyl) trimethoxysilane and sodium silicate solution (27 M % SiO 2 ) were purchased from Sigma-Aldrich. Water was purified with a Milli-Q system (Merck-Millipore) (at 18.2 Mcm, 3-4 ppb total organic content) and was used thoroughly in the experiments. Fourth generation dendritic phenylazomethine with a tetraphenylmethane core (DPA-TPM-G4) was synthesized according to literatures (23, 24) .
Characterization methodology
Raman spectra were acquired with a LabRAM HR Evolution confocal Raman spectroscope (Horiba Jobin Yvon). The excitation wavelength was 532 nm from a DPSS laser. The laser power on the sample was typically at 180 W. A long-working distance objective lens (50 times magnification: LMPLFLN from Olympus) was used with a numerical aperture of 0.5 to focus the laser onto the sample. Raman signal was collected in a back-scattering geometry. Low magnification dark-field Scanning transmission electron microscopy (STEM) images were obtained using a standard transmission electron microscope (JEOL, JEM-2100F) operated at a 200 kV acceleration. Atomic resolution high magnification STEM images were obtained using an aberration-corrected transmission electron microscope (JEOL, JEM-ARM200F) operated at 80 kV. Scanning electron microscopy (SEM) images were acquired by using Hitachi High-Technologies Field Emission Scanning Electron Microscopes S-5500. Accelerating voltage was typically at 5 kV. In STEM/TEM and SEM measurements, Sn oxide clusters and/or Au@Ag SHINs were deposited on a carbon-coated copper grid (Oken-shoji PVB-C15) and dried in the gentle stream of argon. Atomic force microscopy (AFM) images were acquired by a commercial atomic force microscope (Shimadzu WET-SPM FM-AFM) operating in direct force mode using the rectangular silicon cantilevers (Nano World 125 m long, 30 m wide, 4 m thick) with an integrated tip, a normal spring constant of 42 N/m at a resonance frequency of 320 kHz. X-ray photoelectron spectra (XPS) were measured using the X-ray photoelectron spectrometer (ESCA-1700R ULVAC-PHI) with Mg K radiation. For the calibration of the XPS data, Si 2p peak at 103.6 eV was used as a standard to correct all XPS spectra. UV-Vis spectroscopic studies were carried out using a Shimadzu UV-3150 spectrometer with a quartz cell having a 1 cm optical length at 20 o C. (B) UV-Vis spectra of four Au@Ag NPs samples and (C) the correlation plot between the mixing ratio and the size of Au@Ag NPs. A series of Au@Ag NPs with different diameter range from 70 to 130 nm in homogeneous spherical shape were prepared, where a linear correlation between the mixing ratio of AgNO 3 and Au seed NPs and the resulting size of the Au@Ag NPs were found. Furthermore, UV-Vis spectra showed the gradual red-shift of the SPR peak position of Au@Ag NPs by increasing their size. A shoulder peak around 400-420 nm is due to the multipole transitions of surface plasmon. UV-Vis absorption spectra of fourth generation dendrimer DPA-TPM-G4 upon stepwise addition of SnCl 2 show a gradual spectral change due to one-to-one coordination with the imine nitrogen atoms, showing four isosbestic points in turn (inset). The presence of four isosbestic points suggests that the complex formation proceeds in four steps. Furthermore, the added amounts until the switching of isosbestic points were in good agreement with the number of imine nitrogen atoms in each generation. Thus, it is suggestive that Sn ions are accumulated in a stepwise manner from the inner layer to the outer layer of the dendrimer template molecules (3), forming precise Sn-dendrimer complex with 12, 28 and 60 equivalents of SnCl 2 against G4 dendrimer.
Fig. S4. Structural characterization of Sn oxide SNCs by HAADF-STEM and AFM.
HAADF-STEM and AFM images of Sn oxide SNCs (A,D) Sn 12 , (B,E) Sn 28 and (C,F) Sn 60 on silicate film on the TEM grid and silicate substrate, respectively. Scale bars represent 100 nm and 200 nm for TEM and AFM images, respectively. Average diameter from TEM were 0.9 ± 0.2, 1.0 ± 0.2 and 1.8 ± 0.3 nm, while that from AFM were 1.0 ± 0.2, 1.1 ± 0.3 and 1.3 ± 0.2 nm, respectively. It is important to note that the size of SNCs obtained from STEM measurements tends to provide larger values than its actual size due to a damage by the strong irradiation of the electron beam, gradually disassembling constituent atoms during measurements, revealing larger, loosely gathered images of clusters. On the other hand, the size of the SNCs was measured from the height of the small particles in the AFM images because it is commonly known that the spatial resolution in x-y direction in AFM measurement is limited by the size of the cantilever, so-called a tip-effect. Therefore, the size of the tin oxide SNCs was obtained from the height distribution histograms for each SNC. oxide SNCs (red) with two control spectra: Au@Ag SHINs without Sn 60 oxide SNCs (blue) and Sn 60 oxide SNCs without Au@Ag SHINs (black). A sharp signal from silicon substrates at 520 cm -1 is indicated by the asterisk. No Raman band linked to Sn oxide SNCs were observed on two blank measurements. When there was no optical antenna (SHINs), Raman signal was not enhanced at all, while it was rather obvious that Sn oxide signal was not observed in the absence of tin on SHINs surface. These blank measurements confirm that the broad peaks around 570-580 cm -1 are attribute to Sn oxide SNCs, and are only observable by utilizing strong enhancement properties of current Au@Ag SHINs system. The increase of FWHM values of the distribution curve with decreasing atomicity coincides well with the behavior of FWHM values in the actual SHINER spectra, suggesting that Sn 12 SNCs has highly distorted atomic configuration with longer Sn-O bonds in average. In addition, oxygen atoms within clusters can be categorized into three types depending on their neighboring environments: (i) O atoms bonded with 4-6 Sn atoms without involvement of H atoms; (ii) O atoms bonded with two Sn atoms and one or two H atoms; and (iii) O atoms bonded with one Sn atom and one or two H atoms via either covalent or hydrogen bonds. In case of Sn 60 SNCs, while 24 O atoms bonded with 24 H atoms categorized as (ii), the remaining 88 O atoms are in the category (i). In Sn 28 SNC structure, 10 H atoms bond with O atoms in category (ii) and 2 H atoms with that in category (iii), forming a free OH group at the corner of the SNC structures. The remaining 16 O atoms are in category (i). In case of Sn 12 SNCs, there are 25 O atoms, where 9 of them are in category (i) locating rather inside the cluster structure. 11 O atoms are in category (ii), and the remaining 5 O atoms are in category (iii).
